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PREFACEThe detetion of old neutron stars and blak holes in isolation is one of theornerstones of ompat objet astrophysis. However, forty years after therst pioneering studies, no suesful andidates have been found to onrmthe early preditions, making the searh for old isolated ompat objets astill open and intriguing subjet. The sope of this thesis is thus to investigatethe observability of isolated neutron stars and blak holes with the nalobjetive of dening new possible strategies for the long-sought detetion ofthese elusive objets.The thesis is organized as follows. In Chapter 1, after a short disussionon the origin of neutron stars and stellar-mass blak holes in isolation, Isummarize the results of past eorts made to onstrain their observationalproperties.In Chapter 2 I takle with the dynamis of isolated neutron stars. Idesribe the set-up of a numerial Monte Carlo ode, named PopulationSYnthesis of Compat Objets (PSYCO in brief), developed as part of thePhD projet. I then present the results of the simulation, with partiularemphasis for statistial properties of neutron stars in the Galati disk andin the solar neighbourhood. These rst results will be used as base to explorealternative methods to detet old neutron stars and blak holes. It shouldbe noted that, following the standard pratie, these rst results are obtainedonsidering only neutron stars born in the disk of the Milky Way. As it willbe shown in Chapter 3, the ontribution of neutron stars, and blak holes,born in the Galati bulge annot be negleted sine they ould representthe majority of detetable objets.In Chapter 3 the feasibility of mirolensing as a tehnique to detetisolated neutron stars and blak holes is explored, making use of the results5
illustrated in the previous Chapter. After an overview of results obtainedso far by the several surveys, I desribe the basi mirolensing quantitiesand expressions. I then desribe the models adopted in my work for thedistribution of bulge and disk stars, to whih the ontribution of neutronstars and blak holes is then ompared to. I ompare the optial depth andevent rate due to neutron stars and blak holes with that of normal stars.Also, I study the distribution of event time-sales in both ases.After the results reported in Chapter 3, in Chapter 4 I present a system-ati ross-orrelation analysis of mirolensing events with the atalogues ofX-ray soures of the XMM-Newton and Chandra satellites, whih appearedreently. I report the results of the ross-orrelation and the properties of asoure resulting from the ross-orrelation proedure.Finally, in Chapter 5 I review the results of my PhD projet and drawthe nal onlusion. I also disuss possible future developments.
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1 INTRODUCTIONNeutron stars and stellar-mass blak holes are born mainly in the ore-ollapse of a massive star, with mass greater than ∼ 8 M⊙ (where 1 M⊙ isequal to a solar mass), whih exhausted its thermonulear fuel. Hene, thestar is not able any more to sustain its own gravity and the ore-ollapseours. The nal outome of this proess depends on the physial propertiesof the progenitor like, for example, its mass and hemial omposition (e.g.Heger et al., 2003).Neutron stars and blak holes an be formed also through aretion-indued ollapse of stars in binary systems, (e.g. Lorimer, 2008, and refer-enes therein). However, the outome of the ollapse is strongly aeted bythe omplex interations between the two stars in the binary rather thanbeing dependent only on the initial properties of the ollapsing stars. Fur-thermore, the frequeny of aretion-indued ollapses is muh lower thanthe ase of isolated massive stars (Arnett et al., 1989). Thus, isolated neu-tron stars and blak holes should represent the bulk of the population inthe Milky Way.1.1 Neutron starsThe formation of a neutron star happens when the pressure of degenerateneutrons formed by inverse β deay in the ollapsing ore is able to balanethe gravitational fore. The external envelope of the the progenitor star isthen ejeted at high speed, ∼ 104 km s−1, in a powerful supernova explosion.Suh events an be observed even at osmologial distanes.After birth, the observational appearane of neutron stars varies a lotamong single objets and it too depends on their intrinsi properties, like7
magneti eld strength and angular momentum. The large majority ofknown neutron stars has been deteted as young isolated pulsars, poweredby magneto-rotational losses and deteted through radio or gamma-ray ob-servations.The advent of X-ray astronomy allowed the disovery of other lasses ofisolated neutron stars that are not shining at radio or gamma-ray wave-lengths. In these objets the emission omes from the dissipation of themagneti eld and/or residual heat as in magnetars or in XDINS and CCOs(X-ray Dim Isolated Neutron Stars and Central Compat Objets respe-tively, see e.g. Mereghetti 2008; Turolla 2009 for reviews).Anyway, whatever the nature of their energy reservoir is, the emission ofisolated neutron stars is expeted to fade away in a time-sale muh shorterthan the age of the Milky Way, whih is ∼ 1010 years. Considering thatthe typial lifetime of a massive star is . 107 years and that our Galaxylikely produed suh massive stars throughout its existene, a large numberof exhausted neutron stars is thus expeted to be harboured in it.From estimates of nuleosynthesis yields by ore-ollapse supernovae, Ar-nett et al. argued that as many as ∼ 109 of suh events should have ourredin our Galaxy, the large majority leaving a neutron star as remnant (Fig. 1).However, a more reent estimate of the ore-ollapse rate was obtained byDiehl et al. (2006) from measurements of the gamma-ray emission of 26Al inthe interstellar medium, and returned a value of ∼ 2 per entury. This im-plies that, assuming a onstant star formation rate throughout the existeneof the Galaxy, ∼ 2 × 108 neutron stars have been born in it.8
Figure 1: Fration of massive stars that form neutron stars (solid lines) andblak holes (dotted lines). Dierent line styles represent dierent initial massfuntions. Soure: Heger et al. (2003).
9
1.2 Blak holesStellar-mass blak holes are the nal evolutionary phase of very massivestars. Stars with initial mass M & 40 M⊙ are expeted to undergo diretollapse into a blak hole, without generating a supernova. However, blakholes ould form also by aretion of fall-bak material onto a new-born neu-tron star, if the mass of the progenitor is in the range 25 M⊙ . M . 40 M⊙(Heger et al., 2003). Furthermore, the omposition of the progenitor playsan important role: for metalliities above the solar one, the amount of masslost through stellar wind an be so large that even the most massive starsend their lives as neutron stars rather than leaving a blak hole as remnant(Figure 2). This senario has possibly been onrmed by the detetion of amagnetar, CXO J164710.2-455216, assoiated with the massive star lusterWesterlund 1. The turn-o point of the luster is around ∼ 35 M⊙, implyingthat the initial mass of the progenitor of CXO J164710.2-455216 should havebeen & 40 M⊙ (Muno et al., 2006).Nevertheless, a rude estimate of the number of Galati blak holes anbe obtained from the stellar initial mass funtion (e.g. Salpeter, 1955; Kroupa,2001): the ratio between the number of blak holes and neutron stars is
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Figure 2: Remnants of single massive stars as a funtion of the initial metal-liity (y-axis) and initial mass (x-axis). Soure: Heger et al. (2003)
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∼ 1011nv−310 g s−1 , (1.2)is the aretion rate aording to the Bondi-Hoyle-Littleton theory, mp isthe mass of the proton, cs is the sound of speed of the medium and v10 =
(v2 +c2s)
3/2/(10 km s−1). The temperature kT , assuming blakbody emission,would be ∼ 100 eV, that is in the soft X-rays.The launh of the ROSAT satellite, with its good sensitivity in the softX-ray band, gave boost to the searh of isolated neutron stars and blakholes, espeially the former sine, being more numerous than blak holes,12
they were expeted to represent the bulk of likely detetions. Adopting theresults of numerial simulation of Pazynski (1990), Treves & Colpi (1991)predited the hundreds to thousands areting old neutron stars would bepotentially observable by ROSAT. Similar preditions were made by Blaes &Madau (1993). However, only a handful of isolated neutron stars have beendisovered by ROSAT (e.g. Walter & Matthews 1997). These are ommonlyaepted as middle-aged ooling neutron star, the aforementioned XDINS,likely born in lose-by star-forming regions (Popov et al., 2005; Posselt et al.,2008).Theoretial models of aretion from the interstellar medium have beendeveloped in a similar fashion also for blak holes (see e.g. Campana & Pardi,1993; Agol & Kamionkowski, 2002; Beskin & Karpov, 2005; Mapelli et al.,2006). However, preditions for blak holes are aited by larger uner-tainties sine the only useful information about their statistial propertiesderives from few known objets in X-ray binaries. On the other hand, thephase-spae distribution of isolated blak holes is ompletely unonstrained.The lak of isolated areting neutron stars and blak holes (e.g. Neuhäuser& Trümper 1999) has more than one possible explanation. First, the spher-ial aretion rate is strongly dependent of the relative veloity between theareting objet and the surrounding medium (fr. Equation 1.2). Popovet al. (2000) explored the observability of areting old neutron stars for awide range of initial mean veloities, between 0 and 550 km s−1, assuming aMaxwellian distribution. The observed pauity of aretors in the ROSATatalogue would be explained if neutron stars are born with average veloitiesof at least 200 km s−1, that is a fator ∼ 10 larger than the dispersion veloityof normal stars in the Galati disk. Therefore the aretion rate would bea fator ∼ 103 − 104 lower than that predited by Treves & Colpi. The large13
spatial veloities of neutron stars have been onrmed by measurements ofthe proper motions of known young neutron stars (see Chapter 2).Seond, neutron stars are born with very strong magneti elds, B ∼


































erg cm−3 , (1.5)
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where rc = cP/2π is the light ylinder radius. This translates into a onditionon the spin period, whih must be larger than a ritial value






















rA . (1.8)This fat puts another stronger onstraint on the spin period15








s .As disussed by Treves et al., a neutron stars in this phase should giveaway muh of its angular momentum to allow aretion. The torque exertedby matter aumulated at the Alfvén radius ould enhane the rate at whihthe angular momentum is lost with respet to magneto-dipole losses alone,thus shortening the time needed to reah the aretion phase. However, Colpiet al. (1998) showed that, if the magneti elds deays with a time sale
. 109 years, the rate at whih the neutron star looses its angular momentumdereases and thus the aretion phase may not be reahed. In any ase, thedeay of the magneti eld in neutron stars has not been observed to date(e.g. Lorimer et al., 1997) and its ourrene is still matter for debate.Reent two-dimensional magnetohydrodynamial (MHD) simulations oflow-rate aretion onto a magnetized neutron star (Toropina et al., 2003)suggest that the presene of a weak magneti eld in the areted mediumould also lead to the suppression of the aretion rate. The plasma wouldbe ompressed adiabatially during the infall, thus inreasing the strength ofits magneti eld. When equipartition is reahed the magneti eld wouldstart to reonnet, thus heating the gas and modifying its properties. Thesuppression fator would be ∼ (rA/raccr)p with p being of the order of unity(Perna et al., 2003, and referenes therein).Another fator that ould inuene the statistis of areting neutronstars and blak holes arises from fat that the spatial distribution of theinterstellar medium is pathy rather than smooth. This implies that theprobability of a neutron star or a blak hole residing in a medium-rih re-gion is small (e.g. Agol & Kamionkowski, 2002). All the mentioned fators16
at together to hinder the aretion from the interstellar medium and ansuessfully explain the pauity of detetions of areting isolated remnant.In addition to the suppressing eet on the aretion rate, the large ve-loities observed in neutron stars, and possibily also in blak holes, an havea deep impat on their present phase-spae distribution. Hene, a rst stepto dene new methods to detet isolated remnants is to determine wherethese objets stand with respet to an observer at the Earth's position. Tothis purpouse, a simulation of neutron star orbits in the Galati potentialis presented in the next Chapter.
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2 MONTE CARLO SIMULATIONSOF NEUTRON STAR ORBITSThe number of known young neutron stars is ∼ 2 × 103 and it is growingsteadily. Thus, the knowledge on their statistial properties is being on-stantly rened and it an be used as starting point to model the propertiesof the of old neutron star , whose distribution in phase-spae an therefore bereonstruted with a ertain degree of ondene with population synthesismodels.There is mounting evidene that isolated neutron stars are born withvery large spatial veloities. For example, radio pulsars show spatial veloi-ties of several hundreds km s−1 (e.g. Arzoumanian et al., 2002; Hobbs et al.,2005; Fauher-Giguère & Kaspi, 2006). Some radio pulsars exhibit veloi-ties in exess of 1000 km s−1. A striking example is the radio pulsar PSRB1508+55: the proper motion and parallax measurements obtained from ra-dio observations point to a transverse veloity of ∼ 1083 km s−1 (Chatterjeeet al., 2005).Similar high values of the veloity have also been inferred for objets be-longing to other lasses of young isolated neutron stars . Thanks to Chandraobservations, Hui & Beker (2006) estimated a veloity of ∼ 1100 km s−1 forthe Central Compat Objet RX J0822-4300. Reently Moth et al. (2009)measured the proper motion of three XDINSs (RX J0420.0-5022, RX J0806.4-4123 and RX J1308.6+2127) and inferred veloities of 600 − 1000 km s−1.This is not unommon in young isolated neutron stars and hene they on-luded that the veloity distribution of the XDINS is not statistially dierentfrom that of normal radio pulsars.The origin of suh high veloities is not lear. An asymmetri supernova19
explosion is onsidered one possible explanation (Dewey & Cordes, 1987).Iben & Tutukov (1996) argued that the eets of binary disruption may alsoontribute to the observed veloities. Reently it has been proposed that thefastest neutron stars are the remnants of runaway progenitors expelled viaN-body interations from the dense ore of young star lusters (Gvaramadzeet al., 2008).These large veloities, no matter how they are ahieved, are of the sameorder of magnitude of the esape veloity from the Milky Way and thereforehave a strong impat on the phase-spae distribution of old neutron stars.A large fration of them ould have esaped from the Milky Way during itslife-time, thus lowering the density of neutron stars in the Galaxy and, as aonsequene, the probability to detet these objet.2.1 MethodIn the following, I desribe the set-up of the numerial ode used to hara-terize the distribution in phase-spae of old neutron stars. I adopt the sameapproah of Pazynski (1990). Initial onditions (position, veloity) are as-signed randomly from the seleted distributions to eah simulated neutronstar by means of a Monte Carlo proedure.2.1.1 Distribution of progenitorsThe initial positions of neutron stars in the Galaxy are dened in a galato-entri ylindrial oordinates system (R, φ, z), where the z axis orrespondsto the axis of rotation of the MilkyWay. These initial positions reet the dis-tribution of their progenitors: aording to Bronfman et al. (2000), formationof massive stars is urrently onentrated in an annular region whih followsthe distribution of moleular hydrogen. However, to explore the eets of20
the distributions of progenitors on the urrent phase-spae onguration ofneutron stars, I hoose four possible distribution models from the literature.Pazynski suggested an exponential probability distribution, based of theobserved surfae brightness1 of fae-on S galaxies









where p(R)dR is the probability that a neutron star is born between Rand R + dR, Rexp = 4.5 kpc is the sale-length of the Galati disk and



























, (2.4)where Rpeak = 7.04 kpc and σ = 1.83 kpc. This distribution has been extrap-olated from the observed distribution of radio pulsars found by Yusifov &Küçük (2004). Hereafter these distribution models are labelled as models 1,2, 3 and 4, respetively. Finally, for all models I assume that neutron starsan be generated from 0 to 20 kp.Massive stars are loated in the spiral arms of the Milky Way, they areindeed the ideal traers of the spiral struture. Thus spiral arms are on-sidered in the distribution of neutron star progenitors, adopting the samepresription of Fauher-Giguère & Kaspi: massive stars are distributed alongfour logarithmi spirals, eah spiral desribed by the equation
φ(R) = k ln(R/R∗) + φ0 . (2.5)The values of the parameters k, R∗ and φ0 for eah spiral are given inTable 1. Atually, Equation 2.5 desribes the position of arm entroids. A22
Figure 3: Radial probability distributions of neutron star progenitors. Linestyles depit the models of Pazynski 1990, (solid, model 1), Bronfman et al.2000, (dotted, model 2), Case & Bhattaharya 1998, dashed, model 3 andFauher-Giguère & Kaspi 2006, (dot-dashed, model 4), respetively.
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Table 1: Parameters of the spiral arms.Arm k R∗ φ0[kp℄ [radians℄Norma 4.25 3.48 1.57Carina-Sagittarius 4.25 3.48 4.71Perseus 4.89 4.90 4.09Crux-Sutum 4.89 4.90 0.95
more realisti distribution an be obtained if the positions of progenitors aresattered, both in the radial and azimuthal diretions, around these entroids,see Figure 4. Details on how the satter is added to the initial positions ofneutron stars an be found in the paper of Fauher-Giguère & Kaspi.
The thikness of the star-forming region is few tens of parse (Bronfmanet al., 2000; Maíz-Apellániz, 2001). However, as Sun & Han (2004) havepointed out, the long term dynamial behaviour of a population of neutronstars is insensitive to the sale-height of its progenitors (see also Kiel &Hurley 2009). Following these results I assume that all neutron stars areborn on the Galati plane, that is zi = 0.
24
Figure 4: Projetion on the (X, Y ) plane of initial positions of neutron stars,where X = R cos φ and Y = R sin φ. - The radial distribution is fromPazynski (1990). The position of the Sun is at (X, Y ) = (8.5, 0.0).
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where v∗ is a harateristi veloity and v is again the three-dimensionalveloity.From the results of a Kolmogorov-Smirnov test, they onluded that theMaxwellian model is the least favoured. On the other hand, they disfavouralso the bimodal distribution sine the bimodality ould arise from an at-tempt to reprodue a non-Maxwellian distribution with a superposition ofMaxwellian funtions. Aording to the same K-S test, the single-parametersmodels desribed in this Chapter are equally apable to reprodue the ob-served distribution of pulsar birth veloities.To explore the eets of the birth veloities on the nal phase-spae dis-tribution of neutron stars, I adopt the Maxwellian model of Hobbs et al., aswell as four of the models proposed by Fauher-Giguère & Kaspi that is thebimodal, the double-sided exponential, the Lorentzian and that of Pazyn-ski. From here on I refer to these models as A, B, C, D and E respetively.The value of the parameters adopted for eah veloity distributions, togetherwith the resulting mean three-dimensional veloity, are listed on Table 2.Mean veloities are alulated numerially from simulated veloity vetors.All veloity distributions refer to the frame at rest with the progenitors.The motion of massive stars an be deomposed in a bulk omponentgiven by the irular motion of the Galati disk, vcirc ∼ 200 km s−1, and by27
a random motion with dispersion σ ∼ 25 km s−1 with respet to the frameorotating with the disk. These random motion are small if ompared withthe irular veloity or the birth veloities of neutron stars. Thus, the randommotions of progenitors are negleted and the initial veloities of simulatedneutron stars are given by vetor sum of the birth veloity and the irularveloity at the birthplae, v = vbirth + vcirc.2.1.3 Gravitational potentialOne the initial onditions have been assigned, the motion of eah neutronstar in the Galati potential is desribed by the equationr̈ = −∇Φ , (2.11)
where r = r(R, φ, z) is the position of the neutron star and Φ is the grav-itational potential of the Milky Way. I adopt the three-omponent modelproposed by Smith et al. (2007)
Φ = ΦB + ΦD + ΦH , (2.12)





Figure 5: Dierential veloity distributions obtained from Monte Carlo simu-lations of veloitiy vetors. Line style represent models A (solid), B (dotted),C (dashed), D (dot-dashed) and E (triple dot-dashed).
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Table 2: Veloity distribution models. 〈v〉 represents the aritmethi mean,alulated from Monte Carlo simulations of veloity vetors.Model Parameters 〈v〉[km s−1℄A σ = 265 km s−1 420B σ1 = 160 km s−1 335
σ2 = 780 km s
−1
w = 0.9C vexp = 180 km s−1 400D γ = 100 km s−1 447E v∗ = 560 km s−1 331
30














where MD = 5 × 1010 M⊙ is the mass of the disk and the RD = 4 kp and


















ln(1 + c) − c/(1 + c) (2.16)is the harateristi density,  is the onentration parameter, rvir is the virialradius and ρcr is the ritial density of the Universe.The parameters of potential are taken from Smith et al., exept for theonentration parameter  and the virial radius rvir (19.2 and 274 kp re-spetively), whih were adjusted to math the standard values of the Inter-national Astronomial Union for the distane of the Sun from the Galatienter, R0 = 8.5 kpc, and the irular veloity at the solar irle, vcirc(R0) =31
220 km s−1. The esape veloity at the solar radius, vesc(R0) ≃ 544 km s−1 isalso taken from Smith et al. The orresponding value of the virial mass is
Mvir ∼ 1012 M⊙.Very reently Reid et al. (2009) gave a new estimate of the irular velo-ity, vcirc(R0) ≃ 254 km s−1 with R0 = 8.4 kpc, obtained from proper motionsof massive star forming regions. This means that our Galaxy may be moremassive that what estimated by e.g. Smith et al. To assess the eet of theenhaned mass of the Galaxy on the orbits of neutron stars, I onsider alsoa model of the potential with a dierent set of parameters: the masses ofthe bulge and disk are inreased by a fator (254/220)2, that is the ratio ofthe squared irular veloities in the two ases. For the halo, the onen-tration parameter  remains the same while the virial radius rvir is in thisase ∼ 332 kpc, whih yields an ∼ 80 perent inrease of the virial mass,
Mvir ∼ 1.8 × 1012 M⊙.It should be noted that in the model where vcirc(R0) = 254 km s−1, theesape veloity is ∼ 664 km s−1. This is higher than the entral value,
544 km s−1 estimated by Smith et al. (2007); however, it is not far fromtheir 90% upper limit (∼ 608 km s−1), espeially when it is onsidered that
vesc was obtained by assuming vcirc = 220 km s−1, and that modifying suhassumption introdues further unertainty in its determination (M. C. Smith,private ommuniation).2.1.4 Orbit IntegrationA run of the simulation, 150000 orbits eah, is then launhed, one for everyombination of radial and birth veloity distributions, assuming onstantbirth rate during the whole Milky Way life-time. Hene, the age of eahneutron star is assigned randomly from an uniform distribution. The orbit32
Figure 6: Rotation urve for our Milky Way model (solid). Dotted, dashedand dot-dashed lines represent the bulge, disk and dark matter halo ontri-butions, respetively.
33
Figure 7: Esape veloity on the Galati plane as a funtion of the dis-tane from the Galati plane. The irular veloity (dashed) is plotted foromparison.
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+ Φ(r) . (2.18)
To limit the omputation time2 and avoid lok-ups of the ode, all neutronstars reahing 0.1 kp from the Galati enter are disarded. The frationof neutron stars travelling to within 0.1 kp from the Galati enter is lessthan 1 perent in eah run.2The CPU time for a typial run is about 1 day.35
2.2 Results of the simulationThe results of these simulations suggest that the statistial properties ofneutron stars are aeted mainly by the distribution of birth veloities, whilethe eets of dierent distributions of progenitors are less prominent. Resultsof models diering only for the distribution of progenitors are quite similar,the main dierene is the shape of the surfae density towards the inner partof the Galaxy (Figure 8): in fat, in models based on the distribution ofprogenitors proposed by Pazynski, the density peaks at the Galati enterwhereas for other models the density peaks away from the enter.Moreover, it an be argued that the distribution proposed by Pazynski,in spite of being obtained from observations of external galaxies, may betterrepresent the long-term star formation history of our Milky Way. The othermodels are based on the present-day distribution of population I objets,whih ould have been rather dierent in past epohs (see e.g. Chiappini etal., 2001) and are thus better suited for population studies of young/middle-aged neutron stars (like radio pulsars or magnetars). For this reason I fouson results of models 1A to 1E, i.e. with the distribution of progenitors ofPazynski.2.2.1 Fration of bound neutron starsI rst ompute the fration of neutron stars in bound orbits, fbound. Ne-gleting all those proesses that ould alter its energeti state (e.g. N-bodyinterations or sattering by moleular louds and Galati spiral arms), thenal fate of a neutron star is known one its initial position and veloity aregiven. A neutron star is bound when its initial veloity is lower than theesape veloity at the birthplae, vi < vesc(r), with36















From these ts I estimate the average half-density half-thikness z1/2 ofthe disk neutron stars (Table 3). The values of the oeients of the t foreah model, together with the orresponding maximum error, are listed inthe Appendix (Table 11). The half-density half-thikness shows substantialvariations from model to model, going from ∼ 100 to ∼ 400 pc for models1A to 1D. For model 1E in partiular, z1/2 ∼ 30 pc, i.e. roughly an order ofmagnitude smaller than those obtained from other models. I will return onthis fat later. 38
Figure 9: Distribution of heights f(z) - Model 1A. Dashed line represents thetting funtion.
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2.2.3 Neutron stars in the diskHere I dene the Galati disk as the ylindrial volume with radius 20 kpand height 0.4 kp, that is R ≤ 20 kp and |z| ≤ 0.2 kp. The fration ofneutron stars that reside in the disk, fdisk, goes from ∼ 0.05 to ∼ 0.20.Hene, the majority of neutron stars born in the disk of Milky Way, eventhose in bound orbits, do not reside in it (see Table 3).I t the logarithmi surfae density of the disk adopting a fourth orderpolynomial as tting funtion




The values of the oeients aj are listed in the Appendix (Table 10).I made a visual hek of the nal distribution of neutron stars in the disk,looking for traes of the spiral arms. I found no evidene of spiral struturein the evolved distribution (ompare Figs. 4 and 10).
2.2.4 Mean veloitiesThe mean veloity of neutron stars in the disk, alulated in the refereneframe at rest with respet to the Galati enter, is roughly the same for allmodels, 〈v〉 ∼ 210 − 230 km s−1, while in the frame orotating with the diskthe mean veloity is lower, 〈vLSR〉 ∼ 150 − 190 km s−1. An exeption aremodels based on the veloity distribution E, whih show mean veloities inthe orotating frame of ∼ 80 km s−1. This fat an be easily explained: inthe E model low birth veloities have higher probability (see Figure 5) and40
Figure 10: Final distribution of neutron stars in the disk - Model 1E*.
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Table 3: Statistial properties of neutron stars in the disk.Model 1A 1B 1C 1D 1E 1A* 1B* 1C* 1D* 1E*
fbound 0.70 0.88 0.72 0.71 0.79 0.84 0.91 0.82 0.77 0.85
fdisk 0.05 0.11 0.10 0.12 0.19 0.06 0.13 0.12 0.16 0.21
z1/2 367 225 164 100 33 345 192 149 80 28
[pc]
〈v〉 230 220 215 213 213 262 250 249 245 245
[km s−1]
〈vLSR〉 180 146 199 164 82 199 156 216 176 89
[km s−1]
fv<50 kms−1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1
[%]
fLSRv<50 kms−1 1.9 6.0 3.3 7.4 43.7 1.4 3.9 2.9 6.8 37.9
[%]
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thus the main ontributor to the veloity of the star is the irular veloity,









where a v0 is a harateristi veloity. Fit values for v0, m and n are listedin the Appendix (Table 12).2.2.5 The solar neighbourhoodTo ompare my results with previous studies, e.g. Blaes & Madau (1993)and Zane et al. (1995), I fous now on the statistial properties of neutronstars; in the so-alled solar region, 7.5 ≤ R ≤ 9.5 kp.The loal surfae density Σ0 varies from ∼ 0.4 to 2 ×105 N9 kpc−2, where





∼ 10 pc . (2.24)
2.2.6 Neutron stars in the haloBound neutron stars in the halo an reah distanes as large as ∼ 1 Mpcfrom the Galati enter, however the majority lies within the virial radiusof the Milky Way (∼ 270 kpc). Unbound neutron stars beome dominant at
∼ 500 kpc (Figure 11) and an travel muh farther away than bound neutronstars, beause their veloity is only weakly aeted by the gravitational eldof the Galaxy. Aordingly, the mean veloity of neutron stars in the halobegins to rise from ∼ 500 kpc.2.2.7 Sky density of neutron starsI ompute the projeted number density of neutron stars in helioentrioordinates (l,b,d) for objets within 10 kp from the Sun. The resultingmap of the sky density is shown in Figure 12. It is evident that most neutronstars luster in the region of the Galati bulge, where the density is severaltimes 103 to 104 N9 deg−2, depending on the model.Sine most neutron stars are in the halo, it an be expeted that thesky density is non-negligible even at high Galati latitudes, in partiularonsidering also neutron stars at large distane. Hene, I ompute also theexpeted density of neutron stars in the diretion of the Magellani Clouds,assuming distanes of 48 and 61 kp for the Large and Small MagellaniCloud, respetively. The sky density is ∼ 2− 3 × 102 N9 deg−2 towards bothdiretions. 44
Table 4: Statistial properties of neutron stars at the solar irle.Model 1A 1B 1C 1D 1E 1A* 1B* 1C* 1D* 1E*
Σ0 0.44 1.02 0.90 1.21 1.93 0.63 1.31 1.17 1.55 2.33
[105 N9 kpc
−2]
n0 1.1 2.6 2.3 3.0 4.8 1.6 3.3 2.9 3.9 5.8
[10−4 N9 pc
−3]
dmin 12.9 9.8 10.2 9.2 7.8 11.5 9.0 9.3 8.5 7.4
[pc]
〈v〉 216 213 204 206 216 248 242 234 238 249
[km s−1]
〈vLSR〉 173 140 191 158 72 191 150 203 167 79
[km s−1]
fv≤50 kms−1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1
[%]
fLSRv≤50 kms−1 2.5 4.3 3.5 8.4 49.7 1.4 3.2 3.4 7.8 45.4
[%]
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Figure 11: Fration of bound NSs (top) and mean veloity of NSs (bottom)as a funtion of the Galatoentri radius.
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Figure 12: Aito projetion of the sky density of neutron stars for ob-jets within 10 kp from the Sun (model 1A). Contour levels are drawn at
10, 102, 103 deg−2, respetively. The pathy appearane is due to poissoniannoise.
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2.2.8 Results with dierent potentialCalulations made with the updated potential are labelled with an asteriskin the tables and give the following results. The retention fration fboundexhibits a signiant inrease, espeially for models 1A* and 1C*, while forthe remaining ones the enhanement is less onspiuous. In all ases thefration of neutron stars retained by the disk is only slightly inreased (Table3). In all models with the updated potential, the sale height of the popula-tion is lower due to the inreased masses of the disk and bulge, the dereasein z1/2 being of the order of 10 - 20 perent (see Table 3).The higher number of neutron stars retained by the disk implies alsohigher values of the surfae and volume densities, together with the projeteddensity towards the Galati plane. For the same reason, even relatively fastneutron stars an be found in the disk, thus inreasing the mean veloity ofthis population (see Tables 3 and 4).2.3 Summary of the resultsThe results of these numerial simulations show that the distribution of birthveloities is the main fator driving the dynamis of neutron stars in the MilkyWay. I obtain substantially dierent values of fbound among dierent birthveloity models, with the shape of the distribution (position of the peak,bimodality, et.) also playing a role in determining the nal fate of boundneutron stars.The highest esape fration, ∼ 0.3, are obtained with models A, C andD. This value is lower than that found by e.g. Arzoumanian et al. andsimilar to that inferred by Hobbs et al.. This is probably due to the dierent48
models of the distribution of free eletrons adopted to estimate the distaneof radio pulsars. Arzoumanian et al. adopted the model of Taylor & Cordes(1993). Both Hobbs et al. and Fauher-Giguère & Kaspi adopted instead therevised model of Cordes & Lazio (2002), whih redued distane estimates,and thus also veloities, of young pulsars. As a onsisteny hek, I performeda simulation run with the distribution of veloities proposed by Arzoumanianet al., obtaining fbound ∼ 0.54, onrming my hypothesis. The adoption ofa dierent potential, with higher mass of the Galaxy, implies higher esapeveloities. Hene, only the fastest neutron stars, ∼ 10 − 15 perent, andenitely esape from the Milky Way.Albeit more than 70 perent of the neutron stars born in the Milky Wayare in bound orbits, the present-day number of neutron stars in the disk isonly a minor fration of the total, . 0.20. The remaining ones are found inthe halo where they spend most of their life. Even so, the ratio of young,
t . 107 years, to old neutron stars in the disk is very low: for eah neutronstar deteted as a young ative soure there should be still more than 100old objets.Simulated neutron stars are born with signiantly higher veloities withrespet to what is found in other works. In spite of this, the resulting half-density at half-thikness shows no signiant dierenes with previous stud-ies. Also, the loal spatial density of neutron stars falls between those foundby e.g. Blaes & Madau and Zane et al. (1995) that found by Pazynski(1990), i.e. approximately between ∼ 1 and ∼ 5 ×10−4 N9 pc−3. This meansthat the nearest neutron star lies within ∼ 10 parse from the Sun.The mean veloity is higher by at least a fator ∼ 2 with respet to, forexample, that found by Blaes & Madau and Zane et al. Low veloity neutronstars (v ≤ 50 km s−1) in the disk are a tiny fration, fv≤50 km s−1 < 1%. This49
fration is instead fLSRv≤50 kms−1 ∼ 5%, in the referene frame orotating withthe Galati disk.Most of Galati neutron stars, either bound and unbound, run away fromthe Galati plane in a short timesale and form a halo whih extends wellbeyond the virial radius of the Milky Way. The (spherial) radial distributionof halo neutron stars learly shows a separation between bound and unboundobjets. Unbound neutron stars beome dominant at r ∼ 500 kp.The results reported in this Chapter have been published in Sartore et al.(2010). I stress that these results do not aount for neutron stars generatedin the bulge wih, as I will show in the next Chapter, may aount for ∼ halfof the neutron stars born in the Galaxy.
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3 MICROLENSING FROM ISOLATEDNEUTRON STARS AND BLACK HOLESAs shown in the previous Chapter, the observability of old isolated neutronstars and blak holes as soures areting from the interstellar mediumis still ontroversial. However, they ertainly an still at as gravitationallenses.3.1 The mirolensing phenomenon
Figure 13: Sketh model of a mirolensing event. Soure: Moniez (2010).The phenomenon of gravitational mirolensing, that is the deetion andampliation of the light of a star by a foreground massive objet, has beenrst predited by Einstein (1936), but the prospets of observing suh kindof events were, aording to him, negligible.51
Gravitational mirolensing was seriously reonsidered in a series of sem-inal papers by Pazynski (1986, 1991), in order to detet massive objets inthe Galati halo and bulge, and thus to onstrain the nature of the darkmatter within the halo itself. To this purpose, several survey programs havebeen started, like the MACHO (MAssive Compat Halo Objets, e.g. Al-ok et al., 1993), the OGLE (Optial Gravitational Lensing Experiment,e.g. Udalski et al., 1992), the EROS (Experiène de Reherhe d'ObjetsSombres, e.g. Aubourg et al., 1993) and the later MOA (Mirolensing Ob-servations in Astrophysis, e.g. Muraki et al., 1999) projets. These surveyshave been very suessful in deteting events towards the Magellani Clouds,the Galati spiral arms and in partiular the Galati bulge, for whih thenumber of events deteted surpasses by far all the others (see e.g. Moniez,2010, for a review).Sine the rate of mirolensing events depends on the density of bothsoure and lense objets, and onsidering that the sky density of neutronstars, like that of normal stars, also peaks towards the Galati bulge (Fig-ure 12), its is straightforward to think that this is the most suitable dire-tion where to detet andidate neutron star and blak hole lenses. ThusI limit the study to the ontribution of neutron stars and blak holes tothe mirolensing rate towards the Galati bulge. This ontribution mustbe ompared to that of other, more numerous, stellar populations in theGalaxy.The rst theoretial preditions of the mirolensing optial depth (τ ,see Chapter 3.2 for a denition) towards the bulge inferred values of ∼
0.5 − 0.8 × 10−6 (Pazynski, 1991; Griest, 1991) for the luminous stellaromponent of the Milky Way. The initial measurements of the optial depthreturned signiantly larger values, e.g. τ = 3.3 ×10−6 (Udalski et al., 1994)52
and τ = 3.9 × 10−6 (Alok et al., 1997), respetively. To explain this dis-repany, Kiraga & Pazynski (1994) suggested that the Galati bulge ouldgive a substantial ontribution to the optial depth. Hene, they inludedthis ontribution in their alulations. Theoretial estimates with these newmodels agree well with the more reent measurements of the optial depth,
τ = 2.17 × 10−6 (Popowski et al., 2005, MACHO), τ = 2.55 × 10−6 (Sumiet al., 2006, OGLE) and τ = 1.62 × 10−6 (Hamadahe et al., 2006, EROS).The ontribution of neutron stars and blak holes to mirolensing hasbeen estimated by Gould (2000); Wood & Mao (2005); Calhi Novati et al.(2008). These authors found that ∼ 2 − 3 perent of the events are relatedto neutron stars and blak holes. However, they did not take into aountthat these objets have a dierent phase spae distribution with respet tonormal stars, beause of the large kik veloities reeived at birth (e.g. Hobbset al., 2005; Gualandris et al., 2005). This fat has two opposite eets.First, the veloities at birth an be higher than the esape veloity fromthe Galaxy. Hene, a non negligible fration of remnants may have esapedfrom the Galaxy and thus annot ontribute to the mirolensing rate towardsthe bulge. Seond, the larger veloities imply a higher rate of events thanwhat expeted from a similar population of lenses moving at lower speeds,as showed by Griest (1991).
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where nl and ns are the number density of the lenses and the soures alongthe l.o.s., while f(v⊥) is the distribution of the soure-lens relative veloities.55
3.3 Model of the GalaxyIn order to ompare the ontribution of neutron stars and blak holes to themirolensing rate towards the bulge with that of other stars, the ontributionof eah stellar population has to be alulated self-onsistently. Hereafter Idesribe a model of the Milky Way whih aounts for all populations oflens and soure stars. This model is dierent from the one desribed in theformer Chapter sine now the population of bulge-born ompat remnants,both neutron stars and blak holes, is taken into aount.3.3.1 Distribution of normal starsFirst, I model the distribution of normal stars, that is stars with no natalkiks, in both the Galati bulge and disk. I adopt the same bulge model ofCalhi Novati et al., that is a three-axial bulge with an exponential densityprole and a major axis that forms an angle φ ∼ 24◦ with the Sun-Galatienter axis (e.g. Stanek et al., 1997). The total mass of the bulge is ∼
2 ×1010 M⊙. For the disk, I adopt a thin + thik disk model, both desribedby an exponential density prole
ρDi(R, z) =
MDi















, i = 1, 2(3.8)where the masses of the thin and thik disks are MD1 ∼ 2.5 × 1010 M⊙ and
MD2 ∼ 0.5 × 1010 M⊙, the sale-lengths are L1 ∼ 2.6 kp and L2 ∼ 3.6kp and sale-heights are H1 ∼ 0.3 and H2 ∼ 0.9 kp (Robin et al., 2003),respetively. The mass of the thin disk aounts also for the interstellarmedium, MISM ∼ 0.5 × 1010 M⊙. Aording to Freudenreih (1998), the56
stellar disk is holed at its enter, the hole being likely produed by orbitalresonanes in the potential of the barred bulge (Contopoulos et al., 1989).For the sale-length of the hole in both the thin and thik disks I assume
Lh ∼ 1.3 kp (Piaud & Robin, 2004).The motion of bulge and disk stars has both bulk and random ompo-nents. The Galati bulge does not rotate as a whole like a rigid body butout of a ertain radius the bulk veloity attens (Rih et al., 2007). Thus Iassume that the rotation veloity v(b)rot of the bulge grows linearly to 50 km s−1out of a radius of 1 kp from the Galati enter. Out of this radius, a atrotation urve is assumed, with v(b)rot = 50 km s−1. For disk stars, I omputethe bulk (irular) motion self-onsistently from the potential generated bydisk and bulge stars. For simpliity, the random motions of bulge and diskstars are assumed isotropi, with dispersions σ(b)v = 100 and σ(d)v = 25 km s−1whih reasonably agrees with the values inferred from observations (CalhiNovati et al., 2008, and referenes therein).3.3.2 Updated distribution of neutron stars and blak holesIn the previous Chapter I studied the dynamis of a population of disk neu-tron stars born at a onstant rate during the Milky Way life-time, assuminga total of 109 objets, onsistently with hemial abundanes observed inthe Galaxy. As Ofek (2009) has pointed out, the total number of disk-bornneutron stars inferred from the present-day supernova rate and from thestar-formation history of the disk is . 4 × 108 (see also Keane & Kramer,2008, and referenes therein). To explain this disrepany, Ofek suggestedthat the remaining neutron stars have been generated in the bulge.Beause I am dealing with the mirolensing rate of ompat remnantstoward the Galati bulge, it is straightforward to think that a substantial57
ontribution an ome from bulge-born objets. Thus I run new simulationsof orbits, taking into aount the the orbits of those neutron stars and blakholes born in the bulge.The total number of ompat remnants in the Milky Way an be esti-mated by following the approah of Gould (2000). I adopt the initial massfuntion proposed by Kroupa (2001), i.e. a triple power law model
dN
dm
∝ m−α , α = 0.3 , 0.03 ≤ m < 0.08
α = 1.3 , 0.08 ≤ m < 0.5
α = 2.3 , 0.50 ≤ m < 100 . (3.9)
From the mass funtion, I estimate the number and mass frations of eahstellar population, brown dwarfs, main sequene stars, white dwarfs, neutronstars and blak holes. I assume that all stars with m > 1 have evolvedthrough the remnant phase. This assumption gives only a gross estimate ofthe number of disk stars that are now white dwarfs (1 < m < 8), beausenot all stars above these mass had yet evolved up to the white dwarf phase.On the other hand, this assumption is well justied for bulge stars, for whihthe turn-o mass is . 1 M⊙ (Gould, 2000, and referenes therein), and inpartiular for neutron stars and blak holes, beause the typial lifetime ofmassive stars is muh shorter than the age of the Galaxy. Hene, I assumethat stars with 1 < m < 8 are now white dwarfs, (mWD = 0.6), whilestars with masses 8 < m < 40 and 40 < m < 100 are treated as neutronstars (mNS = 1.4) and blak holes (mBH = 10), respetively. Results arereported in Table 5.The knowledge of the masses of the bulge and disk and the mass and58
Table 5: Number and mass frations of the dierent stellar populations.BD MS WD NS BHnumber fration 0.272 0.653 0.065 0.004 0.0004mass fration 0.059 0.744 0.157 0.023 0.016
number frations of neutron stars and blak holes allow to estimate thetotal number of remnants born in the Galaxy. I obtain N (b)NS ∼ 3.3 × 108,
N
(b)
BH ∼ 3.2 × 107, N (d)NS ∼ 4.1 × 108 and N (d)BH ∼ 4.0 × 107, where thesupersripts (b) and (d) refer to the bulge and disk populations, respetively.I run numerial simulations as in Chapter 2 to follow the orbits of 2 × 105bulge-born and 2 × 105 disk-born syntheti neutron stars and blak holes. Iadopt a revised gravitational potential for both the Galati bulge and disk,obtained from superposition of Miyamoto and Nagai disks. The assoiateddensity proles are a lose approximation of the density proles assumedfor the bulge and disk of the Galaxy (Chapter 3.3.1). The parameters ofthe dark matter potential are then ne tuned in order to obtain a irularveloity of ∼ 220 km s−1 at the solar irle (R⊙ = 8.5 kpc). The resultingesape veloity at the same radius is ∼ 450 km s−1, that is ∼ 17 perent lowerthan what was assumed in the previous Chapter. For simpliity, I assumethat the gravitational potential of the bulge is axisymmetri.The results obtained are then normalized to the orresponding numberof objets expeted from eah population and reported above. The initialonditions for eah objet are randomly assigned using a Monte Carlo pro-edure. 59
The integration time of eah orbit depends on the birth loation: forthe bulge, I assume that all remnants have an age of ∼ 10 Gyr, while theage of disk objets are uniformly distributed between 0 and 10 Gyr. In bothases the radial birth probability is proportional to the orresponding densityprole of stars. I assume that the bulge and disk an produe remnants up to3 and 15 kp, respetively. The vertial birth probabilities are again assumedproportional to the density of normal stars up to 3 kp for the bulge and upto 1 kp for the disk. Beause the distribution of evolved neutron stars(and blak holes) are insensitive to the initial distribution the azimuthaloordinates are uniformly between 0 and 2 π in both ases.
As in the previous Chapter, the initial veloity of eah syntheti ompatremnant is the vetor sum of its birth veloity plus the orbital veloity ofthe progenitor. The orbital veloity of the progenitor is alulated fromthe gravitational potential. Hereafter I adopt the Maxwellian distributionproposed by Hobbs et al. (2005) with a dispersion σ = 265 km s−1 for thenatal kiks.
The veloity distribution of blak holes is poorly onstrained, and it wasassumed that these objets have a dispersion of ∼ 40 km s−1 (e.g. White &van Paradijs, 1996). However, the disovery of blak hole X-ray binarieswith high spatial veloities (Mirabel et al., 2001, 2002), suggests a similarbirth veloity distribution for both types of remnants. Hene, I assume thesame distribution of birth veloities for both neutron stars and blak holes.Finally, I also add a random omponent to the veloity of the progenitors.60
3.4 Results3.4.1 Optial depthFrom the results of new simulation runs desribed previously, I estimate themirolensing optial depth (Equation 3.4) for dierent l.o.s. towards theGalati bulge. In partiular I onsider a 20◦ × 20◦ window entered at(l, b) = (0◦, 0◦), and study the dependene of τ on the Galati longitudeand latitude. I assume 100 perent detetion eieny and do not take intoaount the eet of interstellar extintion nor do I apply any ux limit onsoure stars. In this regard, I onsider as soures only the stars in the mainsequene, beause brown and white dwarfs are expetedly too weak to beeiently monitored by present surveys.Figures 14 and 15 show the ontour plots of the optial depth of normalstars and ompat remnants, respetively. For normal stars the optial depthmostly depends on the Galati latitude, beause of the shape of the bulgeand the ontribution of the disk. On the other hand, the dependene of τstarfrom the longitude is weaker (ompare this gure with Figure 1 of CalhiNovati et al.). The optial depth of neutron stars and blak holes insteadhas a strong dependene on both the longitude and latitude. There is alsoa notieable asymmetry with respet to the Galati enter. The maximumof the optial depth is shifted toward negative longitudes, l ∼ −2◦. Thisbehaviour is due to the l.o.s. interepting the far end of the Galati barwhen looking towards negative longitudes. In this ondition the geometryof the soure-lens system implies a larger Einstein radius, and hene largeroptial depth.In Table 6 I report the optial depth of normal stars, neutron stars andblak holes for several spei l.o.s. in the seleted window. The optial61
depth of normal stars is, for example, τstar ∼ 0.94 ×10−6 toward the Baade'sWindow, (l, b) = (1◦,−3◦.9), while towards (l, b) = (1◦.50,−2◦.68) and
(l, b) = (1◦.50,−2◦.75) the optial depth is ∼ 1.43 ×10−6 and ∼ 1.40 ×10−6,respetively. These values agree reasonably well with those found in theliterature.Without aounting for the dierent kinemati properties, the ontribu-tion of neutron stars and blak holes would be proportional to the massfration of eah sub-population. Also, it would not depend on the line ofsight. This translates in a ontribution of ∼ 2.3 and ∼ 1.6 perent of thetotal, for neutron stars and blak holes respetively.When the kinemati eets are onsidered, the optial depth diers fromwhat expeted. The optial depth is slightly lower than the nominal valueobtained when the kinematis is not aounted for. Also, I nd that theontribution of remnants to the optial depth is mostly due to objets bornin the bulge, τ (b)/(τ (d) + τ (b)) ∼ 0.84, where τ (b) and τ (d) are the optialdepths of bulge-born and disk-born remnants, respetively. Beause of theirlarger mass, the ontribution of blak holes is only a fator ∼ 1.5 lower ofthat of neutron stars.
3.4.2 Rate of events and distribution of time-salesI ompute the expeted distribution of event time-sales for dierent l.o.s.towards the bulge. Results for the Galati enter and the Baade's Windoware reported in Table 7 as examples. In general, mirolensing events aredominated by self-lensing of bulge low mass stars, these events having atypial duration of ∼ 15 − 20 days. As expeted the rate of events dropsrapidly away from the plane, beause of the derease in the density of both62
Figure 14: Optial depth proles of normal stars as a funtion of the Galatioordinates. Contour proles are drawn at (0.5, 1.0, 2.0, 3.0)× 10−6. Darkergrey levels indiate larger optial depth.
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Figure 15: Optial depth proles of ompat remnants as a funtion of theGalati oordinates, obtained from sum of the ontributions from neutronstars and blak holes. Contour proles are drawn at (0.5, 1.0, 3.0, 6.0, 8.0)×
10−8.
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Table 6: Optial depth of normal stars, neutron stars and blak holes to-wards dierent l.o.s.The supersripts (b) and (d) refer to the sub-populationsof bulge and disk objets, respetively.l.o.s. τstar τ (b)NS τ (d)NS τ (b)BH τ (d)BH
(l, b) [×10−6℄ [×10−8℄ [×10−8℄ [×10−8℄ [×10−8℄
(1◦,−3◦.9) 0.94 1.51 0.31 1.05 0.21
(1◦.5,−2◦.68) 1.43 1.97 0.38 1.36 0.27
(1◦.5,−2◦.75) 1.40 1.93 0.37 1.33 0.26
soures and lenses. The relative ontribution of ompat remnants is howeverinreased with respet to the ase with no kinemati eets. Indeed, I ndthat the overall ontribution of neutron stars rises from ∼ 1 to ∼ 5 perent,while for blak holes it beomes ∼ 1 perent instead of ∼ 0.2 perent.The average duration of the events assoiated with remnants is lower bya fator ∼ 1.5, owing to the large veloities of these objets. The averagetime-sale of the events is 〈tE〉 ∼ 25 days instead of ∼ 36 days for neutronstars, while for blak holes 〈tE〉 ∼ 67 instead of ∼ 95 days.Intriguingly, the relative ontribution of blak holes inreases with thetime sale. For events with duration longer than 100 days, this ontributionis ∼ 40 perent (see Figure 8), while neutron stars aount for ∼ 10 perentof the events.
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Figure 16: Distribution of time sales for two dierent l.o.s., (l, b) = (0◦, 0◦)(top) and (l, b) = (1◦,−3◦.9) (bottom). Eah panel shows the total ontribu-tion (solid) and those of normal stars (dotted), neutron stars (dashed) andblak holes (dot-dashed), respetively.67
Figure 17: Frational ontribution of neutron stars to the mirolensing rate.The l.o.s. are the same of Figure 16. The dashed line represents the expetedontribution when kinemati eets are not taken into aount.68
Figure 18: Frational ontribution of blak holes to the mirolensing rate.Line styles as in Figure 17.
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Table 8: Frational ontribution of neutron stars and blak holes to the rateof events. The l.o.s. are the same of Table 7.l.o.s.
(0◦, 0◦) (1◦,−3◦.9)
fNSAll 0.05 0.07(1 < log tE < 2) 0.06 0.08
(log tE > 2) 0.10 0.09
fBHAll 0.01 0.02
(1 < log tE < 2) 0.01 0.02
(log tE > 2) 0.38 0.353.4.3 Comparison with previous simulationsThe results regarding the distribution of neutron stars are now omparedto what reported in Chapter 2 and with the results of Ofek. I nd that forbulge neutron stars the evaporation from the Galaxy is highly ineient,that is, almost all bulge-born objet are in bound orbits, f (b)bound ∼ 0.98,beause of the large gravitational fore towards the inner part of the MilkyWay. The fration of disk-born NSs in bound orbits is slightly lower thanwhat reported in the previous Chapter for the same veloity distribution,
f
(d)
bound ∼ 0.63 beause, as already pointed out, the esape veloity in the newmodel is also lower. In total, ∼ 20 perent of neutron stars evaporated fromthe Galaxy.These results are dierent from those obtained by Ofek (2009), for whih
f
(d)
bound ∼ 0.41 − 0.52 and f (d)bound ∼ 0.13 − 0.16, for bulge and disk neutronstars , respetively, depending on the seleted veloity distribution. The70
main reason is the dierene in the gravitational potential adopted for theMilky Way. In the model presented here the total mass of the Galaxy is
∼ 1012 M⊙ (e.g. Xue et al., 2008), that is a fator ∼ 7 larger than thatadopted by Ofek (2009). This translates into a larger fration of neutronstars is bound orbits.Bulge-born objets dominate the density of neutron stars in the innerpart of the Galaxy, see Figure 19. In partiular the density of ONS in theGalati enter bulge an be as high as ∼ 0.12 pc−3, of whih ∼ 93 perenthave been generated in the bulge itself. The density of neutron stars in thesolar neighbourhood is n0 ∼ 3.3 × 10−5 pc−3, of whih only ∼ 23 perentomes from the bulge.In the Galati enter the density of neutron stars reahes nGC ∼ 0.12 pc−3,of whih ∼ 93 perent have been born in the bulge itself. These results aresimilar to those of Ofek (2009), who obtained nGC ∼ 0.2 − 0.3 pc−3, with
95−97 perent of objets being bulge-born. The larger ontribution of bulgeneutron stars to the density towards the Galati enter an be appreiatedfor example in Figure 20, where the projeted density within 12 kp fromthe Sun is ∼ 7.3 ×104 deg−2 against ∼ 6.7 × 103 deg−2 of disk-born neutronstars.In the ase of blak holes , beause we assumed that they have the samekinemati properties of neutron stars , the density an be easily inferredfrom that of neutron stars , realling that the number ratio between blakholes and neutron stars should be ∼ 0.1, as alulated from the initial massfuntion.
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Figure 19: Density proles of neutron stars in the Galati plane. Solid,dotted, and dashed lines represent the total, bulge, and disk ontributions.
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Figure 20: Aito projetion of the sky density of neutron stars within 12kp from the Sun, for bulge-born (upper panel) and disk-born (lower panel)objets. Contour proles are drawn at (10, 102, 103, 104) deg−2, respetively.73
3.5 Disussion of the resultsThe results presented in this Chapter are published in Sartore & Treves(2010). These results underline that the population neutron stars and blakholes born in the Galati bulge may aount for a large fration of theompat remnants in the Milky Way. Even if born with large kik veloities,they are deeply buried in the potential well of the Galaxy and lay in the bulge,or lose to it. Thus they give the major ontribution to the mirolensing ratetowards the bulge itself.So, the net eet of these large veloities, notwithstanding the derease inthe optial depth due to evaporation from the Galaxy of the fastest objets,is an inrease of the event rate and a derease in the typial time-sale ofthe events. Yet, the relative ontribution of neutron stars and blak holesis greater for inreasing time-sales. Intriguingly, for durations & 100 days,
∼ 30 − 40 perent of the events observed ould be related to blak holes.Up to date, thousands of events have been observed toward the Galatibulge by the various surveys (Moniez, 2010). Thus, the results presented heresuggest that at least several hundreds of events related to neutron stars andblak holes ould be already present in the atalogues. These are likely tobe hidden among long-duration events. An an exess of long-duration eventshas indeed been reported by Popowski et al. (2005). These event are likelyto be generated by ompat massive objets, like ompat remnants.The basi problem is therefore to disuss a proedure to distinguish iso-lated ompat remnants from normal stars that are responsible for the mi-rolensing events. As stated in Chapter 1 the only soure of steady luminosityfor isolated neutron stars and blak holes suggested thus far is aretion fromthe ISM (e.g. Ostriker et al., 1970; Treves & Colpi, 1991; Blaes & Madau,1993; Agol & Kamionkowski, 2002). Aretion onto blak holes is favoured74
with respet to neutron stars , beause they are more massive and do nothave a magneti eld that an hamper the aretion ow. However, they arefar less numerous than neutron stars.All these onsiderations should be revisited, beause we now onsiderthe remnants in the bulge. The magneti eld of neutron stars and theproperties of the ISM are dierent from what was disussed so far (e.g. Zaneet al., 1996). One should rst alulate a realisti X-ray luminosity (seee.g. on this line Boldin & Popov, 2010, and referenes therein), orretedfor absorption, and then ompare with present and future X-ray missions.The advantage with respet to a blind searh of isolated ompat remnantsis that mirolensing events give a preise loation of the objet.If these alulations are orret, mirolensing ould be the only way toprobe the veloity distribution of isolated blak holes , whih has not yetbeen onstrained.To test these results, in the following Chapter I present a searh forandidate blak hole lenses among the atalogues of mirolensing events.
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4 COUNTERPARTS OF CANDIDATEBLACK HOLE LENSES
The large statistis available for mirolensing events implies that manyevents related to blak holes should be present in the atalogues. However,the nature of these blak hole andidates has to be assessed with indepen-dent methods. The mass estimated from mirolensing events is in generalaeted by large unertainties, given the degeneray of the time-sale withinput parameters like the mass of the lens and the geometry of the soure-lens-observer system, that is, on the relative positions and veloities. Onthe other hand, the detetion of X-rays oming from the position of themirolensing event would be a strong hint for the presene of a ompatobjet.A searh for the X-ray ounterpart of one of the most promising blak holeandidates deteted through mirolensing has been performed by Nuita etal. (2006, see also Agol & Kamionkowski 2002). However, a 100 ks pointingof XMM-Newton gave no results down to a limiting ux ∼ 10−15 erg s−1.In this Chapter I desribe the method and the results of a ross-orrelationanalysis of long duration mirolensing events with the X-ray atalogues ofXMM-Newton and Chandra satellites, in order to nd isolated blak holeandidates with X-ray ounterparts. These results have been reently sub-mitted for publiation (Sartore & Treves, 2011).77
4.1 Method4.1.1 Catalogues of mirolensing eventsThis searh is based on the publi data of the OGLE, MACHO and MOAollaborations available on the World Wide Web. Following the results ofthe previous Chapter, I selet only events with time-sale longer than 100days. The OGLE data3 were olleted with the Early Warning System (EWS,see Udalski, 2003) from 1998 to 2009 and orrespond to the OGLE-II andOGLE-III phases of the survey. The number of events deteted in the rstyear (1998) was 41, of whih none had a duration longer than 100 days whilee.g. in 2008 the number of events deteted was 654 with 38 events longerthan 100 days. The total number of events from OGLE is 4117, of whih 177fall in our range of interest.The MACHO survey data4 were olleted from 1993 to 1999 and ontain528 bulge events reported by Thomas et al. (2005) plus the Red Clump Giantsevents reported by Popowski et al. (2005), totalling 567 events. Of these, 69are longer than 100 days.The MOA survey5 started in 2000, and in 2006 in entered in its se-ond phase. While the number of events deteted in 2000 was barely 8,the urrent detetion rate is similar to that of the OGLE-III survey, i.e.
∼ 500− 600 events yr−1. The number of events deteted by MOA up to 2010is 2622, of whih 268 show times-sales longer than 100 days.3http://ogle.astrouw.edu.pl/4http://wwwmaho.mmaster.a/5http://www.phys.anterbury.a.nz/moa/78
4.1.2 Catalogues of X-ray souresI searh for X-ray ounterparts of the seleted sample of mirolensing eventsin the version 1.2 of the seond XMM-Newton Serendipitous Soure Cata-logue (2XMM hereafter, Watson et al., 2009) and in the version 1.1 of theChandra Soure Catalogue (CSC hereafter, Evans et al., 2010).The most reent version of the 2XMM atalogue6 has been released inApril 2010. It ontains data of 191870 unique soures with a median ux(in the 0.2 - 12 keV band) ∼ 2.5× 10−14 erg s−1 cm−2, with 20 perent of thesoures having uxes below 10−14 erg s−1 cm−2.The CSC atalogue, released in August 20107, overs approximately 320square degrees of the sky at the 10−13 erg s−1 cm−2 ux limit (0.5 - 7.0 keVband). The sky overage drops to ∼ 6 square degrees for a ux limit of
10−15 erg s−1 cm−2. The total number of unique soures ontained in theatalogue is 106586.Most of mirolensing events towards the bulge our in a region of 20◦ ×
20◦ around the Galati enter, −10◦ ≤ l ≤ 10◦ and −10◦ ≤ b ≤ 10◦. Thenumber of XMM-Newton pointings in this area is ∼ 250. This orrespond,onsidering the 30′×30′ eld-of-view of the EPIC instruments, to ∼ 50 deg2.The area overed by Chandra in the same region is expeted to be of thesame order of magnitude, see Figure 21.4.1.3 Cross-orrelation analysisGiven the large unertainties aeting the expeted observational appear-ane of old isolated neutron stars and blak holes, no partiular spetral orvariability riteria is applied on possible X-ray ounterparts. Nevertheless,6http://xmmss-www.star.le.a.uk/Catalogue/xat_publi_2XMM.html.7http://x.harvard.edu/s/. 79
Figure 21: Sky position of the X-ray soures towards the bulge for the 2XMM(top) and CSC (bottom) ataloguess, respetively.80
we get rid of spurious soures in the 2XMM atalogue by seleting only thosewith SUM_FLAG = 0, i.e. those for whih none of the warning ags of theEPIC instruments were set. These ags indiate the probability of a detetedsoure to be spurious.For the CSC atalogue there is no similar ag, but the estimated numberof spurious soures is expeted to be less than one in every eld with 100kiloseonds of integration. Thus, our mathing riterion is based only on thepositional oinidene of the long time-sale mirolensing events with theX-ray soures of the 2XMM and CSC atalogues.The ross-orrelation routine omputes the projeted distane betweenthe seleted mirolensing events and the entries of both the 2XMM andCSC atalogues. A positive math is found when a mirolensing event lieswith the 3σ error irle of an X-ray soure.Positional errors of single soures are taken from the respetive atalogues.The positional error of 2XMM soures (POSERR olumn) already aountsfor systemati errors. The total 1σ unertainty is alulated as the root meansquare of sum of the statistial and systemati errors (Watson et al., 2009)
POSERR =
√
RADEC_ERR2 + SY SERR2 . (4.1)
For CSC soures, to take into aount the systemati error (0.16 ar-se)I use the equation suggested by the CSC team
err_ell_r0,tot = 2.4477467× √0.1669041 × (err_ell_r0,cat)2 + 0.0256 .(4.2)81






4.2 Results of the ross-orrelationThe ross-orrelation analysis returned a single positive math in the 2XMMatalogue. The assoiated lensing event was observed in 2004 by both theOGLE and MOA surveys and is identied as OGLE 2004-BLG-81 and MOA2004-BLG-3, respetively. The duration of the event reported by the OGLEteam is ∼ 103.63 days. However, the light urve is poorly tted by standardlensing models. Wyrzykowski et al. (2006) found that the baseline of thesoure star, i.e. the magnitude outside the mirolensing event (I∼ 17) hasa suspeted periodiity of ∼ 3.9 days, thus pointing to an elipsing binary.In partiular, the shape of the folded light urve points to a ontat binarysystem. This fat would suggest that the event is orrelated to a atalysmivariable (CV) rather than to gravitational mirolensing.To add more onfusion, the MOA team reports a baseline I ∼ 8 (si!),a duration of ∼ 6.73 days and ampliation very lose to unity, A ∼ 1.002.However, a visual inspetion of the stellar eld does not onrm the preseneof suh a bright star, whose image would have been aeted by diration.82
Thus, I rely on the OGLE data to haraterize the event.The X-ray soure assoiated with the mirolensing event, 2XMM J180540.5-273427 (J1805 hereafter), has been serendipitously observed during a point-ing of MACHO-96-BLG-5, another blak hole andidate deteted throughmirolensing (Bennett et al., 2002; Nuita et al., 2006). The positional un-ertainty of the soure is ∼ 2 ar-seonds and it lies at ∼ 0.5 ar-seondsfrom the position of the mirolensing event.The X-ray properties of the soure have been retrieved with the XCat-DB web interfae (Moth et al., 2009). The total number of ounts is
312.744 (±0.001) (0.2 - 12 keV band) orresponding to a ux of 3.39 (±0.78)×
10−14 erg s−1 cm−2.I report the uxes on the dierent EPIC bands and the relative hardnessratios as given in the XCat database (Table 9). Negleting photoeletri ab-sorption, the luminosity in the 0.2-12 keV band is∼ 3.8×1030 (D/kpc)2 erg s−1,where D is the distane of the X-ray soure in kiloparse. If J1085 is a mas-sive objet responsible for the magniation of a bulge star (d ∼ 8 kpc), thenit should be plaed at an intermediate distane and its X-ray luminosityshould be lower than ∼ 1032 erg s−1.
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Table 9: Observed properties of the X-ray soure 2XMM J180540.5-273427.Data are retrieved on the XCat database. Hardness ratios are alulated asdesribed in Watson et al., with the lower energy band orresponding to theposition in the table.Energy Band Flux Hardness ratio
[keV] [×10−14erg s−1 cm−2]
0.2-0.5 0.002 ± 0.001 0.982 ± 0.2680.5-1.0 0.034 ± 0.027 0.738 ± 0.1411.0-2.0 0.298 ± 0.050 0.132 ± 0.1002.0-4.5 1.20 ± 0.146 −0.356 ± 0.1574.5-12 1.73 ± 0.762
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Figure 22: Finding hart of the OGLE 2004-BLG-81 event. Soure: OGLEweb page.
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Figure 23: Light urve of the OGLE 2004-BLG-81 event. Solid line representsthe best t of the light urve. Soure: OGLE web page.
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4.3 The nature of 2XMM J180540.5-273427The small angular separation (∼ 0.5 ar-seonds) between the position ofthe mirolensing event OGLE 2004-BLG-81 and J1805 is well below the 1σpositional unertainty of the X-ray soure makes the assoiation highly likely.Thus, if J1805 is atually a blak hole , it would prove that mirolensingsurveys an detet isolated ompat objets. However, there are a numberof unertainties than need to be addressed to onrm the laim.First, as Wyrzykowski et al. have pointed out, nature of the mirolensingevent itself is unlear. The fat that the soure star is a ontat binary wouldindiate a atalysmi variable (CV). However, the duration of the putativeoutburst is longer than those of lassi CVs and the shape of the light urveis dierent too, thus hallenging the CV hypothesis (see e.g. Kuulkers etal., 2003). Then, the symmetry of the light urve still favours mirolensingsenario.Even so, the very nature of the X-ray soure J1805 is poorly onstrainedas well. The small number of photons olleted does not allow a good har-aterization of the spetrum. The hardness ratios are positive at low energiesand hange sign between 2 and 4.5 keV. This fat would suggest a hard orhighly absorbed spetrum. A hard spetrum would rule out a neutron staras areting objet sine its temperature is expeted to be below ∼ 1 keV.Thus, if J1805 is an isolated ompat objet, it should be a blak hole.
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5 SUMMARY AND CONCLUSIONSIn this thesis I dealt with the observability of the population of isolatedneutron stars and blak holes whih is expeted to be housed in the MilkyWay.To this purpose, I rst developed a Monte Carlo-based population synthe-sis ode, in order to simulate the orbits of neutron stars in the gravitationalpotential of the Galaxy and so to onstrain their distribution in phase-spae.The results obtained with the ode an be summarized as follows.A non negligible fration, ∼ 30 perent, of the neutron stars born in theGalati disk have denitely esaped from the Milky Way. Sine the massof the Galaxy has probably inreased during the osmi time, while the starformation rate has likely dereased, neutron stars born in past epohs hadgreater probability to esape. Thus, the esape fration reported in Chapters2 and 3 are lower limits of the true value. Aordingly, the reported valuesof the surfae and spatial densities should be onsidered as upper limits.Only less than 20 perent of bound neutron stars is urrently found within200 p from the Galati plane, where most of the ISM is found. Typialveloities of these objets are around 150 − 200 km s−1 and imply aretionluminosities∼ 3−4 orders of magnitude lower than those inferred in previousstudies. Negleting photoeletri absorption, the resulting X-ray uxes arebelow the sensitivity limits of the ROSAT survey, even for very lose objets.Neutron stars and blak holes born in the bulge aount for roughly halfof the ompat objets in the Milky Way. They are almost all in bound orbitsbeause, being deeply buried in the potential well the the Galaxy, they havea muh lower esape probability than disk neutron stars and blak holes.From the perspetive of an observer at the Earth's position, both populationsluster in the diretion of the Galati bulge, where the more dense Galati89
stellar elds lay. Therefore, neutron stars and blak holes an give a non-negligible ontribution to the mirolensing rate. Indeed, thanks to their largeveloities, neutron stars and blak holes aount for ∼ 5−10 perent of thetotal rate of mirolensing events towards the bulge. In partiular, eventsrelated to neutron stars and blak holes have on average duration longerthan those due to normal stars and an aount for ∼ 40 perent of the eventswith duration longer than 100 days.Thus, mirolensing reveals itself as a new, powerful method to nd neu-tron stars and blak holes in isolation. Neutron stars and blak holes anbe deteted independently from their intrinsi emission properties and theirposition in the sky would be known with great auray. The only drawbakis the unertainty on the mass of the lens. A onrmation of the nature ofneutron star/blak holelenses is therefore needed and ould ome from theobservation of ounterparts at other wavelengths, for example in the radioor X-ray domains.A ross-orrelation between the atalogues of mirolensing events and X-ray soures available returned a single blak hole andidate, 2XMM J180540.5-273427, whih lies within ∼ 0.5 ar-seonds from the mirolensing eventOGLE 2004-BLG-81, but the nature of both the X-ray soure and the mi-rolensing event have few onstraints. It should be noted that, even if the as-soiation between OGLE 2004-BLG-81 and 2XMM J180540.5-273427 wouldnot be onrmed, the argument that a large fration of long duration eventsare related to blak holes is still valid. The expeted ux from an isolatedblak hole or neutron star depends on many unknown quantities: the velo-ity of the ollapsed objet, the density of the ISM, the photoeletri absorp-tion et. (see e.g. Chapter 1). Therefore, it is not straightforward to use theabsene, or pauity, of orrelation between X-ray soures and mirolensing90
events as a onstraint on so many parameters.In the next years a substantial enlargement of the atalogs of mirolensingevents and X-ray soures is expeted. In partiular the eROSITA mission,whih should be launhed shortly, will make a survey of the entire sky, whihin the soft X-ray band (0.5 - 2 keV) will be 30 times more sensitive thanROSAT. At the same time, deep systemati exposures with Chandra andXMM-Newton, of the most promising mirolensing events, hosen mainlyon the basis of the duration, will also help to set stronger onstraints on theux of areting isolated ompat objets.
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A Coeients of the tsI give here the best t parameters for the surfae density of the disk (Table10), the distribution of heights above the Galati plane (Table 11) and theumulative veloity distributions in the disk, both in the referene frame atrest with Galati enter sand the frame orotating with the Galati disk(Table 12).
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Table 10: Surfae density of the disk.Model 1A 1B 1C 1D 1E 1A* 1B* 1C* 1D* 1E*
a0 6.09 6.48 6.51 6.60 6.54 6.24 6.57 6.57 6.66 6.61
a1 -2.54 -2.58 -3.08 -2.79 -1.74 -2.47 -2.41 -2.84 -2.68 -1.83
[×10−1]
a2 1.40 1.57 2.37 1.83 0.32 1.05 1.20 1.96 1.79 0.58
[×10−2]
a3 -5.69 -8.06 -12.70 -9.20 -2.28 -2.99 -5.25 -10.22 -10.07 0.13
[×10−4]
a4 0.90 1.67 2.59 1.82 -0.34 0.22 1.00 2.11 2.25 0.34
[×10−5]
Table 11: Distribution of heights.Model 1A 1B 1C 1D 1E 1A* 1B* 1C* 1D* 1E*
b0 142.3 87.5 123.1 92.9 112.7 122.7 73.7 115.5 91.5 107.4
b1 1.12 1.20 1.16 1.22 1.22 1.14 1.25 1.17 1.24 1.24
b2 -136.3 -83.7 -120.0 -91.0 -111.9 -117.1 -70.6 -112.7 -89.9 -106.894
Table 12: Cumulative veloity distribution in the disk.Model 1A 1B 1C 1D 1E 1A* 1B* 1C* 1D* 1E*
v0 214.1 207.4 201.1 200.1 207.2 244.5 241.2 232.5 232.5 238.6
[km s−1]n 3.98 4.56 4.05 4.63 8.09 4.03 4.84 4.16 4.85 8.21m 3.98 4.56 4.05 4.63 8.09 4.03 4.84 4.16 4.85 8.21Model 1A 1B 1C 1D 1E 1A* 1B* 1C* 1D* 1E*
v′0 162.4 130.5 169.4 133.5 57.1 178.7 139.7 182.3 141.9 64.4
[km s−1]
n′ 3.35 3.33 2.77 2.57 1.92 3.34 3.35 2.70 2.50 1.94
m′ 2.35 3.33 2.76 2.57 1.92 3.34 3.35 2.70 2.50 1.94
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